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acceleration over a period of one monih for \'arIous 
stalion longitudes of an object in georlarionary orbii 
The curves represent longmdinal accelerailons in de- 

METHOD FOR CONTROLLING EASTnt'EST 
MOT103 OF A GEOSTATIOhARY SATELLITE 

grees per days squared ('/day?) The longirudmal accel- 
BACKGROUND OF T H E  INVENTION 5 erdtion IS ume-varying with a period of approximately 

Thls invention relates IO a method for simultaneously 13 6 days This graph illustrates the c o m ~ l e w  of 
controlling the mean eccentnciiy and the longiiudlnal EastMiest stauonkeeplng, especlallg near an equlllb- 
(East/Wesr) motion of a geostauonary satellire rium point in that ai the longitudinal acceleraim can 

A method for controlling the EastNesr  motton of change direction Moreover. due to vanattons in the 
geostationary satellites IS of interest due to the stringent Io gravity at different positions on the Earth. the value of 
wnstrams imposed upon a saielliie's longitudinal mo- the longitudinal acceleration will vary with the Earth's 
tion by ground-based antennas The two methods of longitude 
orbital control are referred IO as Nonh/South sution- An additional factor io consider i s  the solar radiation 
keeping. which controls latitude excursions. and pressure effects on a spacecraft. Effects due to solar 
Easl/Wesi stationkeeping. which controls longitude radiation pressure will perturb an orbit in such a way as 
excursions Though it IS understood that there can he a to move the eccentnctty vector perpendicular to the 
crosscoupling cffect dunng North/South rtationkeep- Eanh&n line and in the direction of the orbital mo- 
ing maneuvers. attention herein IS directed to the tion If allowed to proceed naturally. this would resuli 
E a s t N e r i  control problem and neglects the effect of in an eccentncity vector roughly describing an elhpse 
Nonh/South maneuvers In thc bSt /Weqt  dlrectlon 2o wlth a peak magnitude possible greater than the allow- 

Wllh !he Increase of capabllity of the o n h a r d  pay- able deadband and w!th a period of approrimaiely one 
loads on salellites, there i s  a proporrional increase in the year s ~ ~ ~ ~ ~ ~ ~ ~ , ~ ~  the lunl-rolar effects onto this 
power requirement of the payloads. The conventional behavior serves to disron the ellipse and to cause local 
d u n o n  IS to enlarge the surface area of Solar Panels vanations in ihe magmtude and rotalion rate of the 
attached to ihe saiellite in order to increase reception of 2 5  eccenrnc,ty vector D ~ ~ ~ ~ ~ , ~ ~  upon area.lO.mass 

power However. lncreaslng Ihe surface ratio of the saielltte. ihc daily excursions or longitude 

''Iar w'nd wt th  a force d'recily 3o pengee The value e,s equal IO [e sin(w)], and the value 
e, IS equal to [e cos(w)]. where w IS ihe argument of 
pengee FIG 2 i s  a graph illustrating the mean eccen- 
ir'c'ty ey Over a one-year period lo I o  
t ~ d u e  in luni-solar gravitational effects and solar radia- 

area of solar arrays enhances the perturbing force due 
10 solar radlatlon pressure. Speclficall>. the s o h  panels 

could the deadband by a s,gmficanl factor 
The cccentr,c,ry from the Earth Io the 

saikdr'ven by 
propontonal IO the area-to-mass ratio of the satellite 

Perlurbalions caused by solar radiatmn pressure re- 
sult In the change in the magnitude of orbital effects of 
solar radianon pressure cause ecccntruty magnmde to 
vary with a yearly per,od t h e  eccen- 

exceed the limits of the permissible deadband Eccen- fects resul' a n  ellrpse does not Over a 
tnciry appears as daily longitudinal oscillations about period One year The osc'llatlons are pnmar- 
the nominal location of the geostationary saiellite as Ily due lo Moon's gravitational effects On Ihe 

observed from a position on the Earth lite and have a period of approximately 13 6 days 
For geostationary satelliles. the mean longitudinal 

accelerai~on 15 governed by the "on-spherical effects of trolling EaStNest  Starlonkceping of the salelllte. the 
the h n h  and the gravttattonal effects of the sun and mean values Of longitude and drift rare must be mam- 
the Moon. In general, the Earih's tesseral harmonics are lamed 10 Prevent secular or long-Periodrc trends 
the dominant contribution to the longitudinal behavior, 45 caused by the Eanh's and the lunl-soiar gravlrailonal 
and their can be considered constant over long). effccts from al lowW the daily longitude VanatlOns 10 
tudinal vanations of less than I degree (<  1.1. H O W W ~ ~ .  exceed the deadbands for a specified dnfl period be- 
for satellites near the Earth's graviiartonal equilibnum tween maneuvers Funhermore. the mean eccentnciv 
polnb. the iongttudinal acceleration due 10 the b n h  vector (which 1s manifested as h e  dally lonwude varia- 
becomes small in comparison IO that due to the sun and so tion) must be m a l n m e d  below a prewlected magnitude 
the M w n  Ii IS of interest that ihere arc two stable SO h a t  when supcmpowd upon the mean longitude. 
equilibnum I o c ~ ~ ~ o ~ P  and iwo unstable equrlibnum lo- the net. or osculating. h w d e  Will not ex=ed the 
cations for saiellites at geostanonary altnude W e  longi- specified deadband for the =me drift period 80th of 
tudinal acceleration caused by luni-solar effecu domi- these condltlons must be met s imul~neousb  usin% the 
nate the mcan longitudinal behavior near the equtlib- 5 5  same Sei Of maneUvCfi while mahng effclent use of 
num poinrs and have significant efTects away from the propellant. 
equhbnum points (FIG 1) Therefore, an accurate A search of pnor a n  literature uncovered a number 
model of the Sun's and Moon's effects on the orbital of references, only one of which appcars to address !he 
morion of the satellite must be used in order io target CITects of the Sun and Moon on eccentnctty largering, 
the longnude and longitudinal dnft rate needed IO m111- 60 although a few address the luni-solar effects on longl- 
ate a proper free-dnfi cycle for any arbitrary satellite tude and dnfl-rate targeting The following IS a sum- 
ststion location If is necessary to account for a longitu- mary of the references uncovered and their relevance 
dinal acceleration that i s  not constant. bul which IS time M C Eckitein. "Station Keeping Strategy Test, 
varylng In magnliude and. for station locations near an Dcsign and Optimizarion by Computer Simularlon." 
equilibnum point, in direction as well 65 Space Dynamics /or Geosraiionary Sorellrier. Oci 1985, 

In  order io appreciate the vanability of longitudinal Toulouse, France (CEPAD) Thn paper discusses sia- 
acceleratton, reference IS made Io FIG 1 which illus- iionkeepmg with small longttudmal deadhands The 
trates the longpenodic behavior of Ihc longitudinal luni-solar effects are included by removmg some of the  

ex 

tnc,ry magnllude w,ll grow to a 
apparent longlludlnal 

that may cause 35 tion pressure The solar radiation pressure causes the 
annual elliptical mot10n. and the solar gravltatlon ef- ( E ~ ~ ~ / w ~ ~ ,  mot,on) 

In Order lo meet the established for Con- 
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deadband, that IS, the elfects due to ihe Sun and Moon tional efieects) This papers indicates that by not includ- 
arc conridered small, and a certain amount of the dead- ing the penurhations in the orbit caused by the Moon's 
bdnd IS budgeted to these eiiecti I h i s  paper includes a and Sun's gravitational effects. longitude and drill rate 
study on the resuli of a sirnulalion tha t  simultaneously will be mcorrectlq targeted Eccentricity targeting I S  
targets eccentricity and longitude to in i t iate a free-drill 5 not mcnuoned in this paper. nor was any strategy sug- 
cycle and uses the Sun.Pomting Perigee Strategy gesied here which would achieve the proper target drilt 
(SPPS) to target eccentncity (SPPS 1s a method far and longiiude Kamel has written several papers v,hich 
controlhng the ccccnrrtciry vecior by mamraining 11 ~n contam a dercnption of an analytic solutton sddressmg 
the gcneral direction of the Sun ) The targeting scheme the geostationary srarionkeeping problem Nor all of 
used rhercin eacludes the Sun's and the Moon's gravita- I D  those are discussed herein 
rional effects on eccentncity This paper does not ad- D. J Gantous. "Eccentricity Control Stratcgy for 
dress the possibility o f a  variable longiiudinal accelera- Geosynchronous Communications Satellites." Telexor 
lion due to luni-solarellectr. and i t  assumes thai acceler- Conoda. May 1987 T h i s  paper descnbcs an amended 
anon w1I1 be constam ~n direction and magnitude This Sun.Pomting Pcngec Strategy based on earlier work of 
rcrults in a need for an iterative control scheme requir- I 5  Kamel and Wagner The author observes that the natu- 
ing some operator intervention T h i s  problem is  ad- ral motion ofthe eccentncity vector causcd by thc solar 
drenrcd by the present tnvenuon radiation pressure and the lum-solar gravitat~onal ef- 

A Kamel and C Wagner. "On the Orbital Ecceniric. lecrs will have a linear trend. i.e , the eccentricity plot 
iry Control of Synchronous Satclltter," The Journal o/ docs not achieve a closed ellipse after a year (as can be 
rhe Asfmnau1,cal Scrence~, Vol 30, No I (Jan -Mar 20 seen in FIG 2) The targeting strategy descnbcd 
1982), pp 61-73 Thu  paper contatns many of the fun. therein accounts for this phenomenon However, the 
damental ideas behind thc current strategy The eccen. targeting strategy does not considcr the local vanations 
tnciry targeting strategy therein used the Sun Pointing due to the gravitational effects of the Sun and the 
Perigcc Strategy (SPPS) but only included the efiecis of Moon 
the  solar radiation pressure on eccentricity. thus exclud- 25 J A Kechichian, "A Split AV for Drill Control 01 
ing the h i - so l a r  effects The calculalion of the longnu- Geosynchronous Spacecrafi." AIAA/AAS 2151 Aero- 
dinal acceleration rook into account only the Earth's spoce Scrrncei Meerfng. (Jan 10-13, 1983), AlAA-83- 
gravitational effects (terseral harmonics) The paper 0017 This paper dtscusscs thc use of a two-maneuver 
also suggests allotment of the luni-solar effects on ec- technique over a 24-hour period in order to maintain a 
centricity into the deadband budget, thereby tighiening 30 longitude deadband of t O  05' while simultaneously 
the usable deadband and costing more propellant The conirolling longitude and eccentricity The author dis- 
present work represents an advancement over this sim- cusses targeting osculating effects. whereas the present 
plification, particularly whcrc the limited deadband invention addrcsses targeting mean values The author 
constraints renders IT unfavorable to include the luni- concludes that his technique will deviate from a speci- 
solar effects by removing part of the available dead. 35 fied deadband l ~ m t t  after only a few cycles 
hand S Parvez et a1 , "East-West Stationkeeping Near an 

C F Gartrell, "Simultaneous Eccentricity and Drift Equilibrium Longitude at 105 Degrees West." AAS- 
Rate Conirol." Journal ylGvrdonce ond Conrroi, Vol 4. /AIAA Arrrodynarnrcs Specialrrr Conference. AAS-87- 
No 3 (May-Jun 1981). pp 310-315. This paper de- 545 (Aug 10-13. 1987). pp. 1-14. This paper descnbes 
scribes a mcthod Tor s,muhaneour control of eccentric- 40 nationkeeping near a stable equilibrium point This 
i i y  and drift rate using equations which only take into paper commented on the problems of predicting rpace- 
accounl solar pressure on orbit eccentricity The space. craft longitudinal motion after a change in orbital veloc- 
craft considercd in this analysis IS quite small. so the i ty  due to a required attiiudc adJusrment This paper did 
cfiect o i  solar radiation pressure on eccentricity is no! not considcr the luni-solar effects and seemed mainly a 
large Thus, the maneuvers required to control drill rate 45 plea for an eaplanalion for the apparently high sensitiv- 
are not required to control ecccntricily magnitude, i ty of longitude motion to attitude maneuvers and the 
therefore, only one maneuvcr IS required The maneu- lack of a predictable drift cycle 
vcr sirategy 1s no1 generalized io N-maneuvers (where Vanour other papers were uncovered of less rele- 
N IP an arbitrary number 01 maneuvers). and the equa- vance than those mcntioned above Further. a search of 
nons do not consider the gravitational effects of the Sun 50 the Patcnt Omce records relating to this invention un- 
and the Moon in the targeting strategy covered the following patents, none of which arc par- 

E M Soap, Inrroducrmn IO  Geos~orronary Orbur. Eu- titularly relevant to the problem at hand 
ropean Space Agency (Now 1983). Publication SP- U.S. Pat No 4,767,084 10 Chan et al. uses momentum 
1053. pp 1-143 Thx work provides a fairly broad ex- unloads to control stalionkceping There are no instruc- 
planation 01 orbital control of geostationary ratellttes 5 5  tions on how ta wntral the orbit. and the ts a scheme 
Panicular attention i s  directed to Chapter 1 relating to that may not k appropnate for spacecraft with large 
longitude stationkeeping It  discusses the Sun.Pointing area-to-mass ratios bxause inadequate thruster power 1s 
Perigee Strategy IO larger ccccntricity and the use of available 
two maneuven to stmultancously largct both dnft rate U S  Pat No. 4,521,855 10 Lehner e1 al relates to 
and eccentnciiy in order to mainkan the longitudinal 60 physically controlling the attitude of lhc rarellile and 
dead band. 

A Ksmel et al  , "East-West Stationkeeping Require- U S  Pat No 4,599,697 to Chan et al also relates to 
ments of Nearly Synchronous Satellites Due to Earth's 
Triaxlality and Lunl-Solar Effects," CelesrialMechontcs. U S Pat No 4,537.375 to Chan also relates to art!. 
vol 8 (1973). (D Reidel Publishing Co , Dordrechi. 6S tude control 
Holland). pp 129-148 Thts paper descnbes the equa- U S Pat No 4,776.540 to Westerlund relates to atit- 
t m s  for the dlrturblng function (which contains Earth's rude control o f a  satellite io compensate far changes in 
gravlrational effects. as well as the Iuni-solar grawta- latitude 

does not relate to stationkeeping 

spacecraft ainiude control. 
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U S Par No 4,837.699 io Sma? e i  al also relares io 

aiiliudc control. but in the conicxi of a spinning saiel- 
! ,IC 

In view of ihe foregoing. whal E needed IS a general. 
ired method for EastAVesi stationkeeping and iargei- 
ing of geo5ynchronour saiellitei ihai uses an arbnrary 
number of maneuvers and which lakes into accouni 
lur.i.solar eflecrs on bath eccenincil) and longirudinal 
motion 

completed. the free-drifi period begins which i s  based 
on ihe long-pemd o~~ i l l a t ions  o f t h e  spacecrafi. herein 
referred to as ihe  mean parameiers Especially during 
ihe free-drifi period. the daily oscillaiions of longirude 

5 do no1 exceed the deadband I t  IS desired io keep the 
entire EasiAvesr slationkeeping cycle duration IO a 
minimum in order io save propellenl. bui the cycle 
should not be so short as IO require dail) maneuvers A 
typical minimum cycle i s  one week as an operational 

IO convenience This cycle allows up lo seven maneuvers 
and strll permits an adcquaie free-drift penod in which SUMMARY OF T H E  INVENTION 

According IO the invention. a method LS provided for io venfy orbit paramelen through the orbit determina- 
Eart/wesi rtaiionkeepmg of a grostauonary saielliie tion process 
which maintains the osculating value of longirude from FIG. 3 is a phase space diagram for illustraring eccen- 
exceeding a specified deadband lor a specified dnft 15 tncity control based on  the Sun Poinring Perigee Sirai- 
pcnod between maneuvers n s  is done by calcularing, egy (SPPS) The Earth 10 is located ai rhe cenrer o l  a 
in a planning opcration. the mean longirude. the mean constraint circle 12 having an eccenincity magnitude 
dnft  rate and the mean eccenrncity vector and deter- E, specifying the desired stationkeeping constrainl 
mining rhe larget condirions such ihai when station- kceninci ty  1s inillally relcrenced IO an angle a. be. 
keeping maneuvers are pcrformcd, rhe orcularing long,- 20 iwem an orbtlal eccentncity vector 13 and a line 14 
tudc will remain within Ihe specified deadband over a drawn bcrween the cenier of the seasonal eccentncity 
specified dnfi penod The iargei condiiions are ellipse 20 and the Sun 16 The line 14 moves wirh the 
achieved through a plurality olsmall maneuvers which annual progression of the Sun 16 to  a final posirion of 
initiate a period of lrec dnlt which 1851s several days the Sun 16'. Therefore. the targeting scheme as ex- 
Dunng rhe free-drifi period, longitude remain< within 2 5  plained herein i s  bared on a predicred mean posilion 18 
11s deadband, and no  additional maneuvers are needed of ihe Sun 16'defined as a midpain! In lime o l t h e  free- 
or are performed The method has the advantage lhai 1 1  drift penod following the last maneuver The targeting 
can take inlo accouni limitations on thrusrer on-lime by equalions are referenced io an average Eanh.Sun line 
allowing for a generalized number of slationkeeping 1 4  Relative movemenl of the Sun 16 with time IS West 
maneuvers 30 io East (or counierclockwise in FIG 3) during i t s  an- 

The inveniion will be better undersiood by reference nual progression 
to the lollowme descriotion in connection with ihe Because of solar radiation Dressure on ihe sa!ellile. - 
accompanying drawings rhc eccentricity vector. e. olthe orbii IS naiurally dnven 

perpendicular io the Eanh.Sun lmc and roialcs In the 
15 same direction as the orbiial moiion The eccentricity DESCRIPTIoN OF THE 

FIG I t i  a graph of long-penodic behavior of the magniiude will grow io a seasonal value c, at a rale 
longitudinal acceleration of an objecl in  geostationary dependent on the area-to-mass r a m  and the reflecrlvlry 
orbii about various station longiiudes characrenstics of rhe satellite 

F IG 2 i s  a graph illustraiing the mean eccentriciiy It  i s  desired to control the eccentricity of rhe orbit In 
moiion due io Ium-solar effecis and solar radialion pres- 40 FIG 3, rhree states of the eccentncity vector e of the 
sure ' orbil are shown an iniiial ecceninciiy vecior en a tar- 

gel eccentncity e,, and a final eccenlricity e j  each of 
pomling perigee strategy according io the Invenilon which IS referenced to the Earth as an ongin The inlilal 

ecceninciiy vector e, 13 leads ihe Eanh-Sun line 14 
iriciiy in the y-direction corresponding io a change ~n 45 The larger ecceninclry vector e,Irdnven in accordance 
rotation wiih the invention by a composite veclor Ae (which i s  

FIG 5 i s  a diagram for illusirating a change in eccen. greaily exaggerated in thls diagram) io lag rhe Earth- 
tncity in the r-dircciian corresponding i o  the change nn Sun line 14 and to bnng the target eccenrncily vector 
magnitude e, within the constraint circle 12 (if no1 already within 

FIG 6 i s  a dnfi rate versus longiiude diagram for a 50 the constraint circle) The final eccentricity vector elis 
five-maneuver. revenday &i/Wesi dnft cycle the result ofdisturbances causcd by solar radiation prer- 

FIG 7 i s  a drift rare versus longitude diagram for a sure and luni-solar graviUtional effecls These effects 
lour-maneuver, sevcnday !&i/Wcst dnfi cycle are represenied by a seasonal ccceninciiy vector e,(t). 

FIG 8 IS a flowchart illurirating a method lor con- shown in vanow loms as c d t ) ,  e d t ) .  and e,At). It IS 
trolling eccenincity in accordance wirh the invention. 55 displaced from an ongin 20 to an ongin 2 0  by the com- 

posite change in the eccenrncity vector Ae Its track is  
represented as the onginal perturbed ellipse 22 and as 

T o  achieve desired conditions according to  the in -  the final perturbed ellipse 22' as displaced by the target 
vention. the total change an vclcaig vector AV re- ccccntncity vector, c, Ellipse 22 1s the natural path 01 
quired for eccenrncity control i s  firs! derermined The M the seasonal eccenincity vector e, Elhpse 22' LS rhe 
longrtude and dnfi mtc targering scheme then splils the path e,will take afler the Nth maneuveris completed, A 
total change in velocity vector into a pluralityofor "h"' cusp 24 i s  displaced by the forced disiurbance, as mdl- 
maneuvers. each of which i s  suliiciently small so that cated by corresponding cusp 24' 11 IS the object of the 
the dally or short-penodic rpacecrafi Iong~tudinal OSCII- invention to mainiam the irack of Ihe final ellipse 22' 
lations about the deslgnated station d o  no! exceed a 65 within the constraint circle 12 at all ilmes during the 
predelermined deadband In ihe particular scheme EariAVesr starionkeepmg cycle 
adopted. special atlention IS given to ihe local vanaiions Among the paramelcrs which are monitored durlng 
due Io Iunl-solar effecir After rhe "N" maneuvers are the control of the eccenincny are the magniiude and 

FIG 3 IS a vector diagram for illustraring a Sun. 

FIG 4 i s  a diagram for illustrating change in eccen- 

DESCRIPT1oN OF SPEC'F1C 
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Thus, be,,, is the change in eccentricity in the y direc- 
tion from the initial ellipsc 22 to the tareel ellipse pro- 

5 jected m t h e  y direction By placing a limit on the 
amount the eccentricity IS allowed to rotate in order to 
mect rhe tarpet conditions. the expression for the y 
direction of the required change in eccentricity IS 

A r , = M f N [ M A f ( - E , i  A e , A  E,,I+E,I 11) 

-, 
The maneuver seouence IS m i m e d  with the eccen- 2 5  eccenrr'c'ry Ecwh'chcver '' larger 

As,= MAXi6e,,- En &,I- E,) tncity vector. e,. (FiG 3) leading line 14 by angle a. 
The toial maneuvers comrmsim Ae are oerformed to . -  
reset the target eccentricity vector e, to lag line 14 by 
angle a, The effects of the  solar radiation pressure and 
the luni-solar gravitational eflects will natural ly drive 30 
the eccentricity vector to e j a t  angle q l i n e  14'  The 
process 1s rcpeared IO maintain the eccentnciiy vector e 
within the bounds E, of the circle o l  constraint 12 I f  
eccentricity drifts outside of the circle or constraint 12, 
the daily longiiude librations may exceed the deadband 35 
requirements In accordance with the invention. the 

0) 

The IWO efficiency parameters are introduced to con- 
trol lhe change in magnitude of the eccentnciry vector. 
rhese parameters are 71 and 71 Since it is more eficienl 
to locate the maneuvers close to the semi-latus crossing. 
these iwo parameters bind the localion of the firings 
near the perpendicular to the average Earth.Sun line 
Therefore. the allowed change In the x-component of 
thc eccentricity vector is 

maneuvers rake mro account the rime-dependent varia- 
tions (24) on the eccentricity ellipse. 

Aex=MAXI -q~ '  A+ M I N l q f  Acy Asxi) 

In order to prevent any one maneuver sequence from Note that the allowed change In the r-component of 
becoming too large, limits are placed on ihe amount Of 40 the eccenrriciiy vector (measured m the rotating coor- 
pemisstble change in the eccentricity vector A coordl. dinate system whtch rotates with the average Eanh-Sun 
nate system is selected which will rotate with the aver- h e )  IS expressed as a functlon of the change in the 
age Earth-Sun line (I e ,  1 1  will have a period ofapproxl- y-component of eccentricity This IS lo restricr the 
maiely one year) For a Sun Pomtln% Pengee SlraiegY. amount of AV rhar goes lnto changing the magnitude of 
the coordinate syslem may be a Cartesian (x-Y) coordl- 45 eccentricity as opposed to changing t is  direction Mag- 
nate system wherein the x dlrecfion (magn~tudel 1s nitude changes to ecceninctty are inefficient. and rhere- 
along the average Earth-Sun line (FIG 4 and FIG 5) fore. are scaled by the rotation change. 
and the y direction IS in rhe orbit Plane perpendicular 10 Gwen the components for the change required in 
the Earrh-Sun ]me Changes In the x direction affect the eccentnciry that achieve the proper target conditions 
approatmate magnitude of the eccentnciry vector, and 50 which w1I1 initiate a free dnfr cycle, the corresponding 
changes m the y-directton affect The approximare rota- valueof thechange in veloctty AV needed can becalcu- 
tion of rhe eccentnciry vector This coordinate system lared by the square root of the sum of !he squares of 
6 inlerpretcd in the above fashion only for non-zero eccen tn~~ ty  components 
eccentnciry vecrors that point in the general vicinity of 

is1 
operational conditions. 

Refernng to FIG 4, the rwo parameters that control where V,is the orbital velociry at synchronous altitude 
the rotation of the eccentricity vector are E,. and E,,, Finally. the location of the true anomaly for the first 
which relate IO the eccentnciry constratnr value Ec maneuver (with all subsequent maneuvers located no 
The parameter E,, places an upper limit on the amount M less than halfa sidereal day apart) can be determined by 
that the eccentncily can be tranrlaied dawn relative to locating the inertial angle far the change in eccentricity 
the selected coordinate system io the average Eanh- vector The iruc anomaly. or angle ~n the orb11 plane 
Sun line and establtrher the maximum relation allowed from the pengee. for the maneuver is located on the line 
The paramerer Edis a bias off of the average Earth-Sun parallel to the Ae vector. noting thai there are two 
h e  whlch a l l v w ~  the method to slighrly over target 61 soIuiions 180' apart Care must be taken that the fin1 

The average change tn cccentncily needed to larger maneuver IS placed in the vlclnlty of the tnttial true 
thc y-direction only IS anomaly provided to the East/West stationkeeping 

algorithm The true anomaly vocan be taken as. 

the Sun, these conditions are appropriate for normal 5 5  AV,=l .v , 'SQRr(A. ,1+A~~2:)  
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where ESRA IS the angle between the average Earth-Sun where the unhnowns arc all placed on the left-hand ride line and the initial eccentricity vector 
The change in velocity AVeCis wbdiwded in order io  "Ihe equation 

simultaneously control e c c e n t ~ ~ i y  and long,iude The unknou,nr In matrix farm for the N = 5  erample 
Since in general the change in veloc~ty needed to con. 
trol the eccentncity vector is nor the same as the change 

two or three maneuvers are typically required If  11 I S  

then deslred LO perform the statlonkeeping manewers 
In lhe on-orbtt, Or momentum wheel, Cont ro l  mode, 
then the total change in veiocity AVec required to con- 
trol eccentncity may be funher subdivided into a set of 1 5  

A V , ' ~  These smaller A V ; ~  are chosen w,th 
attention lo the sign (Indicative of direchon of thrust) 
relative to the orbital velocity This IS done in such a 
manner that total change m vdocity allows eccentncny 

are thus 

In velocity needed to control longitude and drift rate, 10 X = h  A i l d l  =%Id!. A i / d r  d h r / d f .  dAi/drl  (101 

where the target longmde IS As. the target dnft rate is 
dhs/dt and the iniermedtate dnft rates are dA,/dt, 
dhddt .  dAJ/dt and dL /d t  

relatlve magn1tudes Of the Intermediate  longttudes A' 
and dnlt r a t a  d W d t  between successtve maneuvers 
Rcwnting Equatlon (9) yelds 

Shaping parameters may be introduced 10 control the 

to achieve 11s large1 condirionr 
The other portion o f the  problem IS determination of 

essential to control longitude withm the constraints of 

dtrectmn FIGS 6 and 7 are examples which illustrate ~ ~ . ~ ~ ~ ~ ~ ~ ~ i ~ ~  E~~~~~~~ 1 of of drift 

20 
M . / d r A i , =  A A n 1 7 , - U 1 A d d f 2 y A # ?  ) / 2  

where Ty,=l.fari=I 10 N-1 

( I t )  

II21 
the target conditions for longitude and dnft raie I1 is  

acceleration, i t  is important to recognize that accelera- 
tion wIIJ change In magnitude and may even change 25 whlch represents the shaping parameters 

the effects of AV maneuvers m the longitude and dnfi 
rate phase plane lor two dffeerent initial conditions and 
different directions of longitudinal acceleration FIG 6 
illustrates an odd-number of maneuvers, namely. a 5- 30 

rate in degrees (East) per day and the abscissa i s  longi- 
rude in denree (East) relative to a staiion location at the 

rates and rearranging to place all unknowns on one side 
O f t h e  equarton yields 

maneuver. 1-day cycle. wherein the ordinate axis IS drift 2x1- I ) 'A , /dr  + [-  11'6*./di = 113) 
= 6r!3/rT~s.Vs)lAV,I - X i -  i l ' d h , / d ~ l m i A ! , l  

ongin, and where the maneuvers are symmetric about 
each a m  Referring 10 FIG 6 ,  the lime from point 0 10 35 T, I s  the 
point F is the EastAVest stauonkeepmg period The 
free drift period P ~ i s  the period lrom the completion of 
the last maneuver (ootnt 5) to the Anal m i n t  F In this 

where 
of the day the day, 

V"s Ihe  synchronous (Iwo body' and 
fi  Is sign (+/-) wed lrack Or the direct'on 

example, the longirudinal ~cceleration ii negative The 
sum of the change m velocities lor the five maneuver 40 
example is given by 

Of the change of velocity 
The foregoing equations may he expressed in m a l m  

lorm for any number of maneuvers In a system having 
dual axis symmetry as in FIG 6, an odd or even number 
of maneuvers can be required An odd number of ma- 

45 neuvers assures dual axis symmetry The foregoing 
equalions may be expressed in malna form as follows 

AI'" = - AVI + &V, -A",+ I V I - A V I .  '" 
where each AV, carries its own sign 

The maneuvers are shown lor the case wherc the 
total change in velocity to control eccentricity AV,,is 
greater than the change in velocity to targel longitude 
and dnft rate AVD as indicated by the alternating direc- 
tions for the maneuvers shown in both FIG 6 and FIG 50 
7 Otherwise. the maneuvers will nor alternate direction 
i l  pedormed each 4 day 

The lanematic equation relating to the maneuvers of 
FIG 6 IS p e n  by 

An,= La30 l A , / d P A ! , +  U1A,/dr1*(A!?1/2 (81 

where thc summations I arc from i = O  to i-N-1 ex- 
cept as noted otherwise hereinafter, for example N = 5 ,  
and h I 5  longitude. its first denvative with respect to 60 
time dA/di IS the longitudinal rate and i t s  second denva- 
tlvc d2h/dt2 IS the drift acceleration The time At, IS 

nominally 1 day between maneuvers. but may be integer 
multiples of 1 day 

unknowns on one side o f t h e  equauon and to allow the 
equation to be expressed more conveniently m m a i m  
form 

5 5  

The above equation can be rcarrangcd IO place all bs 

Ax = B 0 6 1  
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subject to solar radiation pressure. Earth gravita- 
tional effects and the Iuni-solar gravitational elfects. 

A table of unperturbed longitudes and dnfi raies (In the 
absence ofmaneuvers). subjeci io the Earih'sgravira- 
iional effects and Ihe lunt-solar effects, 

Initial true anomaly in the approximate location of the 
first maneuver (uo), 

Init ial  mean daily Ionallude and means dad\ drift rate 

-coniinued 

birS/lTs'VsI:AV,,l -Si -  i I ' d ~ A , / d + l A ~ , )  - h i d 8  
- 1 llA/dtzlD 
-.b - ( I d 2 h , / d i ~ A i , l i  = L A ]  

L [  -&dm + 1 2 1  - i l d h t l d t 2 A n ~ f  - d1A>/di2Aif21 
--Ad?) 7 73) - ild1&l/d>1A,2z T d)Ai/d?An2J 
-My> + 741 - lld'AYdr2Aq' + d')r/dr?Arr?J 

5 

FIG 7 shows a diagram of maneuvers in the long,. 
tude and dnfi rate phase plane for a 4maneuvei exam- 
ple, 1-day cycle The ordinate IS drift raie in degrees 
(East) per day and the abscissa i s  longiiude IS in degree 
(East) relative to a station longitude located at the or). 
gin Note. the maneuvers are symmeiric about only the 
drdt axis example and the longitudinal acceleration IS 

positive 

rate axis ( A ~ A =  --AF) 
Equation (18) guarantees symmeiry about the drift 

20 
ZA,, + A,\/dPlPD+ 7): - An'idJ'IPo' + d l / Z  (18) 

whcrc P D I S  the free drift penad, T is the rime required 
to transition from target conditions to turnaround con- 
ditions (AT") .  d h d d i  IS ihe iarget dnfi rate and 2 5  
dhh2/dt2 is the mean daily acceleration averaged over 
the free drift cycle 

The free drift penod PD IS ihc period from the com- 
pletion of I h r  last maneuver (point 4) to the final point 
F The sum of the change in velocities for the four 3n 
mdneuvers i s  given by 

A y e ( =  - A V )  + AVI - A V l i A t r  1191 

. -  
Longitudmal acceleration is not constant over the 

free dnft period so that symmetry about the drift rate 
=ais (FIG 6 or FIG 7) cannot be achieved in realiiy 
Because rhe longitudinal acceleralron is not constant )I 

IS averaged again over the penod of free-drift cycle By 
doing so. off-line iterations by an operaror 10 account 
for luni-solar effects in the targeting scheme are not 
required. as the technique described above produces 
very accurate resulis without operaior iniervention 

These functions. called eccen~ricity iargenng and 
longitude and dnft rate targeting, are implemented by 
way of example in  a digital computer executing the 
programs EWMNVR and ECNSTR disclosed in Ap- 
pendix A attached hereto The subroutine ECNSTR IS 
called by EWMNVR It determines the change in ve- 
locity required for eccentricity to achieve 11s target' 
condirions which will maintain eccentricity below its 
constraint value for the entire East/Weri cycle time and 
calculates the exact time of the first maneuver I t  also 
provides the true anomaly for the first maneuver (which 
IS converted into time of the firsi maneuver) 

FIG 8 i s  a flow chart for ECNSTR Called from 
EWMNVR (Step A). ECNSTR calc~lates the unper- 
turbed eccentricny magnitude ai the beginning and end 
of the East/Werr cvcle (EO. EFI (Steo Bl then calcu- . .  . .  , . 

where each AV, carries its own stgn 1" th l r  
single axis symmeiry. the matrix equations for ihe  target 
longitude hfare given as follows 

w I I  35 later the Average Right Ascension Of the Sun Over the 
lree dnfl cycle c). Thereafter 'I calcu- 
lates the nght ascension ofthe eccentricity vector at the 
beainnina of the free drift cycle and at the end of the 

wherc 

1201 

, > , ,  

free drif~-cyclc (EORA. EFRA) (Step D), then i t  calcu- 
4o lates the projection of the eccentricity vector onto the 

Average Sun-Line at ihe beginning of the free dnft  
cycle and at the end of the free dnft  cycle (DEOX, 
DEOY. DEFX. DEFY) (SteD E). and then calculates 

I. I 

the cnrngc In the c txn ins r t )  vciior reqJired IC' meet 
~~ iargcting constratntr (DELEY and DFLEX,, rcitrict. 

I ~ P  the chanve tu values diciaied bv n1 and nr iEFFI  

i l l 1  

an: EFFZ) inther-direction and ECPL and E i W L  in 

the y direction (Step F) It  then calculates rhc change In 
velocity (DVEC). determining it from the required 
change in eccenincity (Step G) Finally. I I  calculates 
the true anomaly of the first maneuver (FI) based on the 
location of the initial eccemnczty. located in the same 
half dane  (Steo H) before returning to the calling vro- - - .  . .  
gram (Step I) 

c< The above technique i s  intended to provide East/". 
<d 

est stationkceping wirhin the maximum value of its con- 
straint with a minimal eapenditure of propellant and no 
off-line overator intervention. It  is not suitable for sta- 

1231 tion acquisition I t  takes mto account the constraints on 
eccentricity and size of the longlude deadband. 
Whereas previous techniques have attempted to lump 
many of the uncenainties into the deadband. the present 
invention takes some of there into account, such as the 
luni-solar effects. in order to reduce fuel usage 

to specific embedments Oiher embodimcnis will be 
apparent to those of ordinary skill In the a n  It i s  there- 

The invention has now been explained with reference 

fore not intended that the mvention be limited except as 
indlcated by the appended claims 

I ~ B / ( T f V y s ) l A V M ~  - ~ l - i l ' d 2 ~ , / d ~ 1 ' l A ~ , )  - W d r  
-4d1M'/d?lP& + r l )  
-h - /Hd2A,/drZAr0 = l , 4 j  
- U y i  + 721 - Icd2r, le 'a8, '  + d1hi/di1Ar>2) [ -Um + 711 - 4ld'Al/dsA$ + d2Al ldr fArJ)  

B = 

In  order to execute the desired maneuvers, the 101- 65 
lowing inputs are needed 
Cycle length (in days, such as 7 or 14). 
Station longitude. 
A table of unperiurbed eccentrrclly components (e,, ey) 
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What 1s claimed IS 
1 A method lor controlling E a s i / V e s i  motion 01 a 

geoslationary satelliie in ar. orbii charrcterized by a 
mean eccenrncity vccior. said method compnsing the 
steps 01 

targeting means eccentricity of said orbit such ihat 
total change In velocity 01 said orbit lor said sarel- 
l i tc placer a iargei mean cccmtricity vector ai a 
first stale which will resuli In a subsequent means 
eccentricity vector within a specifird tolerance 
during a period 01 free dnlt. ihereafier 

targeting means longitude and means drilt rate of raid 
orbit as a function of change m satd iarget mean 
ecccntncity vector and mean longitudinal acceler- 
ation, raid mean longitudinal acceleration Includ- 
ing bimonthly variational ellccis due to Eanh. 
Moon and Sun gravitational effects such that total 
longitude (EastWest motion relative to a station 
on the Earth) IS constrained within a specified 
deadband, 

apportioning said toial change in velocity to a plural- 
i ty  olchanges in velociry to control longitude and 
drift rale of said orbit. and 

\mparnng said changes m veloc,ty to said orbit ~n a 
pluralit)' o l  maneuvers by said ralelliie and provid- 
ing specified wail rimes between said maneuvers m 
integer multiples of one-hall day io attain said first 
condition 

2 A method for controlling Eas tNes i  motion 01 a 
geostationary satelliie in an orbit charactenzed by a 
mean eccentricity vector. sa,d meihod comprising !he 
srepr of 

targeting means eccentricity of said orbii in a current 
conirol cycle such that t o ia l  change in velociiy of 
said orbit lor said salelliie places a target mean 
eccentricity vecior at a firs state which wII resuli 
i n  a subsequenl mean eccentricity vector within a 
specified tolerance during a period 01 free drili. 
therealter 

targeting mean longirude and mean drift rate of  said 
orbit as a lunction OF change in  said target mean 
eccenirxir!, vcctor and mean longitudinal acceler- 
ation in said current control cycle, such that iota1 
longiiude (Easi/ West molion relative to a stanon 
on the Earth) IS constrained within a specific dead- 
band. 

apportioning said total change in velocity to a plural. 
i ty of changes In velocity to control longitude and 

symmeiry in a phase plane 01 longitude versus drft rate 
to maaimize use 01 raid deadband 

5 The mcthod according io claim 2 wherein ratd 
imparting s k p  comprises at least two maneuvers in a 

5 case where there is a reversal in direction of sald mean 
longitudinal acceleralton near an equdibrium p o m  In an 
orbit due to luni-solar effects 

6 The method accordmg Io claim 2 %herem sald 
bmparttng step compnses ai least two maneuvers I n  

10 order to guarantee single-axis symmetry in a phase 
plane of longitude versus drift rate to mtnimizc the 
number of maneuvers with symmetry about a dnft rate 

1 The method according to c l am 2 wherem raid 
15 mean ec~entricity targermg step and raid mean longi- 

tude and mean drifi raie targeting step each further 
compnres selecting an arbitrary stationkeeping penod 

a l l 5  

as an input. 
8 The method according IO claim 2 wherein said 

20 targeting sieps include delermining large1 condiiions 
such that conditions favor subsequenl starionkeeping 
cycles 

9 A method for controlling Eas tNes t  motion of a 
geortarionary salelhie in an orbit characterized by a '  

25 mean eccentncity vector. said method compnsing the 
steps of 

targeting means eccentricity of said orbit by deter- 
mining said targel means eccentricity vector io lag 
an average Earth.Sun line, said average Earth-Sun 
line being the location 01 thc Earth-Sun Itne at a 
mtdpoint in time over a period of free dnft such 
that total change In velocity 01 said orbit for said 
satellite places a target mean eccentriciiy vector at 
a first state which will result i n  a subsequent mean 
eccentricity vecior within a specified tolerance 
dunng said penod of lree drift, ihereafter 

targeting means longitude and mean drift rate of said 
orbit i n  a currenl control cycle as a function of 
change in said target mean eccentricity vector and 
mean longitudinal acceleration. such thdl  total lon- 
gitude (Eart/West motion relaiwe to a station on 
the Earth) IS constrained within a specified dead- 
band: 

apponioning said total change in velocity to a plural- 
ity 01 changes in velocity IO control longitude and 
drift raie of raid orbir in raid current control cycle, 
and 

imparting said changes in velocity to said orbit in  said 
current control cycle in a pluralirg of mancuveri 
by said satellite and providing specified watt times 
between said maneuvers in integer multiples of 
one-hall day to attain said first condition 

drift rate of said orbit in said current control cycle, 5o 
ami 

imparting said changes in velocity to said orbli in said 
current control cycle in a pluraliiy of maneuvers 
by said salellite and providing specified wail tlmes 
between said maneuvers I n  integer muliiples of 5 5  
one-hall day to attain said firs1 condition 

3 The method according io  claim 2 wherein said 
imparting step comprises at least three maneuvers and 
wherein there is an odd number comprising at least 
three =,d maneuvers I" order to guarantee duaLaais 60 
symmetry in a phase plane of longltude versus drili rate 
to maximize use of said deadband 

4 The method according to claim 2 whereln satd 
impaning step compnses ai least lour mancuvers and 
there IS an even number 01 maneuvers in a case wherc 65 
there is a reversal in direction of said mean longirudmal 
acceleration near an equilibrium pomt in an orbit due to 
luni-solar eflecls and nn order io guarantee dual-axlr 

10 A method for controlling East/West motion 01 a 
geostationary satellite in an orbit characterized by a 
mean eccentncity vecior. said method comprising the 
sieps of 

largering mean eccentricity of said orbit by calculat- 
lng an orbital cphemcrls for a fume East/Wesr 
staiionkeepmg pencd to obtatn a table of orblial 
elements versus time, said orbital ephemeris in- 
cludcs a force model of solar radiation pressure on 
said satellite. gravitational effects of the Earih. 
gravitational eflects of the Moon and gravitational 
effects of the Sun under conditions where Iunl- 
solar elTecrs dominate said deadband tn order pre- 
serve propellanl such lhat total change ~n velocliq 
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